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SUMMARY

Under the Reference 1 contract, two 24-foot hydro-
foil model test boats were designed and constructed on
the basis of long term studies by the contractor prior to
and under the Reference 1 contract. The first, known as
High Pockets, with a surface piercing hydrofoil system,
reported on in Reference 5, is suitable for Hydrofoil
Froude Numbers below about 0.5. The second, known as
High Tail, wit" an angle controlled, fully submerged
hydrofoil system, is suitable for Hydrofoil Froude Numbers
above about 0.5.

The maximum Lift-Drag ratio, with the propeller
shaft down in flying position, but with no propeller,
measured by towing, is 15 for High Pockets and 14.3

for High Tail.

High Tail has three hydrofoils, one forward and two
aft, three mechanical sensors, one touching the water
surface forward of each hydrofoil, and a water propeller
driven by an inboard marine engine. The forward hydro-
foil and mounting struts are rotated about an upright axis
for steering while flying. Hydrofoils, sensors and propel-
ler are all hydraulically retractable.

The contractor suggested both mechanical and elec-
trical hydrofoil angle controls including both mechani-
cal and electronic water surface sensing. The Office of
Naval Research specified mechanical control for High

Tail.

The functional form of the hydrofoil angle control
was synthesized mathematically and expressed by Speci-
fic Coupling Equations. Important control parameters
were selected to minimize the Hydrofoil Draft Increment
for a given forward speed and a given limiting vertical
acceleration on the basis of a mathematical analysis of
High Tail’s vertical motions controlled in accordance
with the Specific Coupling Equations while flying in
waves. Minimum Hydrofoil Draft Increment is important
not only to enlarge the areas of practical operation, but
also to save weight and drag.

In the design of High Tail’s actual control, the
coupling relationships expressed by the Specific Coupling
Equations, except for the smoothing terms, are produced
by a mechanical computer. Three output signals from the
computer command three hydraulic servos which introduce
smoothing effects and actuate the angular control move-
ments of the hydrofoils. Other output signals control un-
folding and folding of the sensors, start and stop the
control and indicate the flying elevation at the control

station.

The input signals to the computer are:

1) the displacements of the three water surface sen-

sors;
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2) the steering angle of the forward hydrofoil;

3) the smoothed hydraulic pressure in the hydrofoil
actuating cylinders; and

4) the four manual control station adjustments of which
three are for pay load, elevation, and roll trimming,
and the fourth is for sea condition.

High Tail automatically flies at a constant mean
altitude on a straight course and banks and lowers in
tumns. As High Tail accelerates from rest (decelerates
from speed) the seitsors unfold (fold), the angle control
starts (stops), and the hull abruptly climbs to (descends
from) the flying elevation all automatically, at prede-
termined boat speeds.

The performance of High Tail’s hydrofoil control
during preliminary tests as indicated by movies, Reference
6, and direct observation before installation of recording
instruments, appears to be about as predicted in the

mathematical analysis.

Tests and test apparatus have been proposed by the
contractor for simultaneously recording on board High
Tail during flight in waves: the vertical accelerations
of the boat, the relative position of the boat with respect
to the water surface, and the wave surface profile
traversed, as determined from sensor movements and
vertical boat accelerations, by means of special com-

puters for the purpose.

DEFINITIONS

Bottom Clearance ~ the amount by which the elevation of
the Flying Bottom Plane in flight exceeds the elevation
of the water surface at a specific location with respect
to the boat and at a specific instant of time.

Bow Computer Section - the portion of High Tail’s com-
puter located in the bow compartment forward of the con-
tro! station.

Cage Speed - the boat speed during deceleration at which
the control mechanism is automatically caged and the
hydrofoil angle control stops leaving the hydrofoils at
predetermined angle settings.

Contour Allowance - the average Bottom Clearance at
the hydrofoils allowed in the design to provide adequate
Bottom Clearance between the foils when flying over
wave crests.

Displacement Ratio - the ratio of the fully loaded dis-
placement of a prototype to that of a model, the model
being High Pockets or High Tail.

Down Speed - the hoat speed during deceleration at which
the boat abruptly descends from the flying elevation.
Dynamic Pressure - the dynamic pressure of the water
flow with respect to the boat.

End Plate Draft Increment - the greatest distance any
hydrofoil end plate extends below the liydrofoil Plane.
Floating Bottom Plane - the plane that is parallel to the
load water line and tangent to the hull bottom.

Flying Bottom Plane - the plane that is parallel to the
design flying water level and tangent to the hull bottom.
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Flying Draft - the amount by which the elevation of the
water surface over a hydrofoil exceeds the elevation of
the Hydrofoil Plane at the Hydrofoil.

Flying Draft Variance - the range of variation of the Fly-
ing Diaft under given operating conditions.

Forward Computer Section - the porttion of High Tail’s
computer mounted with the forward hydrofoil.

Full Banking - a roll angle inward on a turn such that
the vector sum of the centrifugal force and boat weight
is perpendicular to the boat beam.

Function Unit - a control component that produces a sig-
nal that is a prescribed nonlinear function of the signal it
receives.

Hull Draft - the difference in elevation of the load water
line and the Floating Bottom Plane.

Hydrofoil Draft Increment - the distance the Ilydrofoil
Plane is below the Floating Bottom Plane, for the hydro-
foil for which this distance is the greatest.

Hydrofoil Froude Number - the acceleration of gravity
multiplied by the fore and aft spacing of the hydrofoils
and divided by the square of the forward speed of the
boat.

Hydrofoil Plane - the plane that is parallel to the load
water line and tangent to the bottom of a hydrofoil when
the hydrofoil chord is set parallel to the design flying
water level.

Lift Draft - the minimum Flying Draft required to produce
the hydrofoil lift necessary to fly.

Lower Range Sea Condition - a sea condition and wave
velocity direction that would result in a Flying Draft Var-
iance for High Tail of two feet or less.

Planing Point - a point on a sensor ski at the intersec-
tion of the planing surface of the ski and the water sur-
face while the boat is flying in smooth water.

Propeller Draft Increment - the amount by which the pro-
peller and its protection, if any, extended ready for flight,
extend below the lowest Hydrofoil Plane.

Pump Pressure - the discharpe pressure of the pump that
delivers fluid to High Tail’s hydraulic system.
Reciprocal Function Unit - a Function Unit that produces
a signal that is the reciprocal of the signal it receives.
Scale Ratio - the ratio of the fore and aft spacing of the
hydrofoils of a prototype to that of a model, the model
being High Pockets or High Tail.

Sensor Down Speed - the speed during acceleration at
which the sensors are automatically lowered to the water
surface. 3

Sensor Lead - the horizontal distance by which the Plan-
ing Point of a sensor ski leads the following hydrofoil.
Sensor Loading Pressure - the hydraulic pressure in any
cylinder that applies torque to a sensor mounting shaft
to load the sensor ski.

Sensor Radius - the radial distance from a sensor mount-
ing shaft axis to the Planing Point of a sensor ski.
Sensor Up Speed - the speed during deceleration at
which the sensors are automatically retracted.

Sequence Function Unit - a Function Unit that receives
the smoothed Servo Pressure as a signal and produces
pilot pressure changes for automatic control of the boat
during acceleration and deceleration.

Servo Pressure - the pressure in the servo cylinders ac-
tuating the rotation for control purposes of High Tail’s
forward hydrofoil unless otherwise specified or implied.
Sine Functicn Unit - a Function Unit that produces a
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signal that is the sine of the signal received.

Smoothed Servo Pressure - the output signal of a Smooth-
ing Function Unit that receives the Servo Pressure as an
input signal.

Smoothing Function Unit - a Function Unit that produces
a signal that is the same as the signal received except
for slight delay and reduced perturbations.

Specific Coupling Equations - the Equations (12), (13)
and (14) expressing the coupling relations among the sig-
nals on which High Tail’s hydrofoil angle control de-
pends and the angle settings of the hydrofoils.

Steering Function Unit - a Function Unit that receives a
signal proportional to the steering angle and producesa
signal for automatically lowering the boat or a Function
Unit that produces signals for automatically lowering and
banking the boat.

Stern Computer Section - the portion of High Tail’s com-
puter located in the stern compartment just forward of the
transom.

Total Draft - the sum of the H{ull Draft and the Hydrofoil
Draft Increment and either the Propeller Draft Increment
or the End Plate Draft Increment whichever is largest.
Tripping - the sudden submergence and downward rota-
tion of a pivoted forward extending sensor about its
pivot axis due to the reversal of moment on the sensor
because of submergence.

Uncage Speed - the boat speed during acceleration at
which the control mechanism is autcmatically uncaged
and the hydrofoil angle control commences operation.

Up Speed - the forward boat speed during acceleration
at which the boat abruptly climbs to the flying elevation.
Upper Range Sea Condition - a sea condition and wave
velocity direction that would result in a Flying Draft
Variance for High Tail of more than two feet.

SYMBOLS
A = control coupling factor relating§ to a
hydrofoil angle setting 1
A, = A for an aft hydrofoil or hydrofoils se-
lected on the basis of wave length and
the wave train velocity direction with re-
spect tothe boatcourse (Dimensionless)
Ao = b 4w (vel A for an aft
- hydrofoil  for
&) v2pKe(b-1) zero Flying
Draft Variance
in long waves
A = control coupling term which is zero for

any boat speed up to Up Speed during ac-
celeration and below Down Speed during
deceleration and a constant at higher
speeds equal to the change in elevation
introduced by the control either at Up
Speed during acceleration or at Down
Speed during deceleration (ft)




Ag = A for a forward hydrofoil or hydrofoils
selected on the basis of wave length and
the wave train velocity direction with re-
spect tothe boatcourse (Dimensionless)

2
Ag, = b W o Aforaforward
hydrofoil for
1
(b+1) Vszg(b{’l) zero Flying
Draft Variance
in long waves

A, = a constant corresponding to the moment
or movement tending to restore a dis-
placement in roll (Dimensionless)

a = width of sensor ski (ft)

Control terms in Specific Coupling
Equations (12), (13) and (14) repre-
senting manual adjustments at the
control station for pay load on or trim
of the forward, right aft and left aft
hydrofoils respectively (Dimension-
less)

Bf, Bﬂr and Bal =

) b = longitudinal spacing of hydrofoils  (ft)
] bW = lateral spacing of sensors (ft)
C = wave train velocity = 2.265 \/)-\—(ft/sec)
C, = dimensionless damping parameter = Ce v
= i
K b
S
d
orinthe case of a sensor = _P
%b

Ceand C, = positive constants of proportionality in
' Equations (15) and (16) determined by
the dimensions of the control mechanism

and the ratio Q/q (ft)

sensor signal filter damping parameter or
damping constant for sensor motion at
the Planing Point (Diagrams [ & II) with
respect to water surface, in which case

C, also equals Kpavdp

c =

1bs. sec.

ft

( )

C], C2, C3 ... = dimensionless positive constants of
proportionality defined in text

wave train velocity component opposite
boat velocity as determined along the
boat course (ft/sec)

(o] =

rm

Flying Draft Variance = 2(h~y), (t)

d for aft hydrofoil = 2(h ~y ), (ft)
d for forward hydrofoil = 2(hf—-yf)0 (ft)

+d (ft)

rm n

Lift Draft (ft)

smooth water draft of sensor ski measured
from water surface at the ski (ft)

Flying Draft Variance required to limit
the vertical acceleration to a specific
tolerable magnitude while flying in a
sinusoidal sea of a given wave length
with the flight path and wave profile in
phase

dr for the wave length )\m, at which dr is
maximum

8 + h -~ y = instantaneous dynamic in-
crease in sensor ski draft over dp (ft)

smoothing parameter in the Specific Coup-
ling Equations which depends on the
ratio of the rate of fluid flow through the
servo valve to thedifference hetween the
hydrofoil dngle command signal and the
hydrofoil angle setting

Ev dimensionless smoothing parameter

b

distance from aft hydrofoil or hydrofoils
to center of gravity (ft)

b = Hydrofoil Froude Number

2
v

upward hydrodynamic force on aft hydro-

foil or hydrofoils less force due to weight
(Ibs)

upward hydrodynamic force on forward
hydrofoil or hydrofoils less force due to
weight (Ibs)

(ft/sec?)

acceleration of gravity

distance the instantaneous level of a
point fixed to the boat hull is below the

mean water level (ft)

= h at the forward sensor, h at the aft
sensor, h at the forward hydrofoil, h at
the aft hydrofoil respectively (ft,
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M),
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tolerable limit on the vertical accelera-
tion (ft/sec?)

ratio of an increment in coefficient of lift
divided by the corresponding increment
in angle of attack of a hydrofoil (Dimen-
sionless)

constant of proportionality between the
square of the steering angle § and a sig-
nal in the Specific Coupling Equations
for the aft hydrofoil or hydrofoils which
lowers the boat for either direction of
turn (ft)

constant of proportionality between the
square of the steering angle 6 and a sig-
nal in the Specific Coupling Equation for
the forward hydrofoil or hydrofoils which
lowers the boat for either direction of
turn (ft

constant of proportionality defined by
Equation (50)
lbs t?
e

ft*

sensor signal filter parameter orstiffness
constant for sensor motion at the Planing
Point (Diagrams I and II) with respect to
the water surface in which case K  also

(1bs/ft)

equals ¢
q Kpa via,

constant of proportionality between the
steering angle @ and a rollsignal for the
rear hydrofoils in the Specific Coupling
Equations (12), (13) and (14) (ft)

Sensor Lead, i.e., the horizontal distance
by which the Planing Point of a sensor
ski leads the following hydrofoil (ft)

One
mass of loaded boat (lbs se_c_’)
ft

2M(b—e) = 2w, = dimensionless hy-
S_pKb? gpKb? drofoil loading par-
8 ameter for the aft
hydrofoil or hydro-

foils
Me = 2w, _dimensionless hydro-
S gy i i ter

st 2 b2 foil loading parame

S¢pKb gpK for the forward hydro-

foil or hydrofoils

m_ v dimensionless mass parameter
— — ~ depending onthe inertia element

s in u sensor signal filter or on
the effective mass mg of the
sensor in which case m g also

equals
8

K aa_b?
P P

effective mass of sensor at the Planing
Point (Diagrams I and II) assuming that
the vertical acceleration of the hull is
negligible in comparison to the vertical
acceleration of the Planing Point, or sen-
sor signal filter inertia parameter

(lbs sec’)

ft

upward hydrodynamic moment on sensor
about the sensor shaft (Diagrams I and II)
divided by I (Ibs)

sensor downward loading coefficient equal
to sensor loading moment divided by v?

(lbs sec’)
ft
propeller thrust (Ibs)
differential operator d (1/sec)
dt
differential operatord b p
& v
(Dimensionless)
Smoothed Servo Pressure (Ibs/ft*)

the Dynamic Pressure, i.e., the dynamic
pressure of water flow with respect to
boat (lbs/ft*)

the wave length-amplitude ratio, A (Di-

mensionless) Yo
radius of gyration of loaded boat (ft)

push rod pivot radius from hydrofoil pivot
axis for forward and aft hydrofoils re-
spectively (ft)

sensor radius,see Diagrams I and I (ft)

surface area of a hydrofoil (ft?)




w
1]

th, wﬂh =

X)e Xgr T ™

Y]' Y2l yf! ya

Wp W =

surface area of forward hydrofoil or hydro-
foils and the surface area of the aft
hydrofoil or hydrofoils respectively (ft?)

27\ = time required for boat to
. travel one wave length
cosf3 (v+c) o
time (sec)

the horizontal velocity of the boat or
hydrofoils (ft/sec)

weight carried per unit area of hydrofoil
(Ibs/ft?)

w for the forward hydrofoil or hydrofoils
and w for aft hydrofoil or hydrofoils re-
spectively (Ibs/ft?)

w,,w_ for a pay load one-half full pay
load (Ibs/ft?)

distance measured in the direction of the
boat velocity from a vertical line moving
with the wave train (ft)

= the x for the front sensor, the x for the
aft sensor, the x for the forward hydrofoil
or hydrofoils, the x for the aft hydrofoil
or hydrofoils respectively (ft)

)\(]+Cdpd) A, y—]

I(4Cgpgtmyp,®) (+Egpy) | A
['\ = pd] Yt
b(v+c) A

AMl+Cyp) A, T
10+Cypyrmyp,”) (+E p,) [ A

AcC Vg
P4 —
b(v+c) A

instantaneous distance to the wave sur-
face measured downward from the mean

water level (ft)

= the y for the front sensor, the y for the
aft sensor, the y for the forward hydrofoil
or hydrofoils, the y for the aft hydrofoil
or hydrofoils respectively (ft)

fl

(I+b) (lJerpd)Af
1(0+Cypytmyp,") (14E;p,) -

2
l+p gtM¢ (E +2
b be

(I+C p A,
(1+Cypgtm p,*) (I4E p ) -

(T+C4p A,
(l+Cdpd+mdpd’) (I+Edpd)

]+Ma ( f_ b(:_e)>pd2

(1-b) (]+Cdpd)A
1(+C 4p+m py?) (]+Edpd)

Fg s ( b(b- e)> ]

angle setting of a hydrofoil with respect
to the boat measured from the angle of

zero lift in the sense that an increase in
a produces an increase in upward force

on the hydrofoil or an increase in upward
velocity of the hydrofoil

a for aft hydrofoil or if there are two aft
hydrofoils the average a forthe twowhich
is equal to:

Gor i aal

2

a for aft hydrofoil on left

a for aft hydrofoil on right

a for forward hydrofoil or if there are two
forward hydrofoils the average a for the

two which is equal to:
+  a

2

a

fr fl

a for forward hydrofoil on left
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a for forward hydrofoil on right

trim angle of sensor planing surface with
respect to the water surface

variation of a, a;, a, etc., respectively
w

from a mean value, ie.,a = a -
Kq

180° - angle between wave velocity and
boat velocity

angle of boat roll with respect to sensing
locations on the water surface measured
counter-clockwise looking forward

Total Displacement of loaded boat (lbs)

displacement vertically downward of the
Planing Point of a sensor ski ((39)]

& for forward sensor or if there are two
forward sensors the average of the two or:

] + 8
Ir " (£t)
2
o for forward sensor on left (ft)
o for forward sensor on riglit (ft)

& for aft sensor or if there are two aft
sensors the average of the two or:

5,, + 0O
: (£)
2
d for aft sensor on left (ft)
d for aft sensor on right (ft)

steering angle with respect to hull of a
forward hydrofoil or hydrofoils measured
to the right from center looking forward

6 when6_>0>~6

0, when 6> 6

—Gm when § <-6

6 when 6n>6>—6n

0 = 6n when0>6n

[~

0. = -0 whenf<-0

t"m = specified steering angles beyond which
there is no change in any a due to change
in 6

+0, = specified steering angles beyend which

- there is no change in any a due to change
in 0

A = wave length as determined in the direc-
tion of the wave train velocity (ft)

Ag = the A in a following sea at which the
maximum vertical acceleration with y = h
is at the tolerable limit (ft)

Ay = the A in a head sea at which the maximum
vertical acceleration with y = h is at the
tolerable limit (ft)

A, = Mat which d,_ is a maximum =d (ft)

p = mass density of water

= signal displacements in the
forward direction of the mem-
bers designated by the numbers
302, 303 ... 642, respective-
ly (ft)

(vg

9302’ 9303 " " Y642

downward displacement command sig-
Op Ogp and g9, = .
ar 8 nals to the forward, right aft and left

aft servos respectively

output signal of either forward or aft Re-

a. =
h
ciprocal Function Unit which is an in-
crease in length of the Unit )
T - tv = dimensionless measure of time
) = 27 = 2ncosf (v+c) frequency of wave en-
T A counter in radius per
second
Wy = wb (Dimensionless)
v

A dot over a quantity indicates the derivative of the
quantity with respect to time.

A subscript zero following a variable or a quantity or
added to another subscript indicates the maximum magni-
tude of the quantity for the wave length and course con-

sidered.




ASSUMPTIONS

It is assumed:

a) that all variations are small;

b) that the horizontal velocity of the boat is constant;

c) that the horizontal component of the orbital wave
velocity is neglectable;

d) that waves are sinusoidal in shape;

e) that there are no surface effects on the hydrodynamic
characteristics of fully submerged hydrofoils;

f) that, for purposes of the determination of pitch and
heave control signals and coupling parameters for
zero Flying Draft Variance in long waves, the Plan-
ing Points of all sensor skis follow the water sur-

face;

g) that there are no interference effects between hydro-
foils;

h) that there is zero time delay between a change in
angle of attack of a hydrofoil and the corresponding
change in lift; (Reference 15)

that, for the purposes of Appendix C, a forward
hydrofoil is located at the center of percussion of
the boat, with the center of oscillation at the aft
hydrofoils and vice versa;

beae
~—r

j)  that, for the purposes of Appendix C, the rate of
change of curvature of the wave surface encountered
by a hydrofoil boat flying in long waves may be neg-
lected;

k) that, for the purposes of Appendix D, the stiffness
and damping in the connection of any sensor to the

hull are both zero;

.-

1) that the effective trim angle of the sensor ski with
respect to the water surface at the ski and the Sen-
sor Lead are constant;

m) that, for the specific purpose of expressing the verti-
cal force on the sensor in Appendix D, the vertical
acceleration of the hull is neglectable compared to
that of the sensors;

n) that the center of mass of the boat is at the same
level as the hydrofoils; and,

o) that the pressure drop, through the valve controlling
the hydraulic fluid to the servo cylinders for any
hydrofoil, is so large that the rate of tlow into or
out of the servo cylinders is determined soiely by
the valve opening; and that the latter is proportional
to the difference between the hydrofoil angle com-
mand signai and the hydrofoil angle setting.

INTRODUCTION

In the design studies and tests carried out by the
contractor other than those reported on herein, it was
concluded:

A. That the drag and vettical acceleration effects for
various sizes of hydrofoil boats are best compared
quantitatively on the basis of geometrically similar
boats and waves with equal Hydrofoil Froude Num-
bers, provided cavitation at the hydrofoils and hull
planing eifects are not dominant;

B. that for low drag, disregarding cavitation effects,
the surface piercing type hydrofoil is preferable for
Hydrofoil Froude Numbers below about 0.5 and the
fully submerged, angle controlled type hydrofoil is
preferable for higher Hydrofoil Froude Numbers;

C. that substantial wake energy can be recovered in a
sutface piercing hydrofoil system with V-hydrofoils
by placing each aft hydrofoil in or neatly in a track-
ing position with respect to a forward hydrofoil;*

D. that a dihedral of about 40° is optimum for surface
piercing hydrofoils from the standpoints of maneuver-
ability, performance in waves and low drag;

E. that hydrofoils and struts should be retractable to
an above water position when not in use to permit
shallow water operation, facilitate docking, increase
hydrofoil and strut life, and teduce inspection and
maintenance costs;

F. that large energy absorption in the hydrofoil and
propeller mountings is important to reduce the prob-
ability of either injury to personnel or damage to
the boat, in case a hydrofoil or propeller strikes
bottom or an obstacle;

G. that it is desirable to steer with the bow hydrofoil
or hydrofoils to minimize lateral flow at the propel-
ler while in a turn; and to avoid the use of a high
speed rudder and the attending drag;

H. that it is desirable io rotate one or more hydrofoils

*Wake energy racovery on High Pockets is indicated by the fact
that the angle setting for the afi hydrofoils is lower than the
angle setting far identical design of forward hydrofails carry-
ing the same load with the same submargence. Wake energy
recovery for surface piercing hydrofoils is mentioned in con-
nection with German hydrofoil boats in Reference 12. The
theory of Reference 7 indicates that there would not be wake
energy recovery with fully submerged hydrofails with the
Hydrofoil Froude Number of High Pockets. Inspection of the
wake af a high dihedral, surface piercing hydrofoil indicates
that the dominant flow directian is horizontal instead of verti-
cal as in the case of a zero dihedral,high aspect ratio, fully
submerged hydrofoil. It is believed that a much shorter waks
wave length for horizontal flow as compared ta vertical flow
accounts for the difference in surface piercing and fully sub-
merged Hydrofail Froude Numbers required for wake energy re-

covery.

Page 7




PARTIALLY EXTENDED

PHOTO 3 STATIONARY - SENSORS RETRACTED, HYDROFOILS




PHOTO 4 STATIONARY - SENSORS RETRACTED, HYDROFOILS EXTENDED

PHOTO 8 LOW SPEED - HYDROFOILS EXTENDED, SENSORS OPERATING
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PHOTO & FLYING - SIDE VIEW

PHOTO 7 FLYING - HEAD ON VIEW
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HYDROFOILS ROTATED REARWARD, PROPELILLER MOVED UP SHOWING MOVEMENTS FOR IMPACT ENERGY ABSORPTION

PHOTO 10 SUSPENDED -

for steering either where surface piercing hydrofoils
are used or where high maneuverability in deep
water at low speeds is important; and

I. that the number of manual controls should be mini-
mized.

Under the contract, two 24-foot hydrofoil model test
boats were designed and constructed on the basis of the
above conclusions. The first, known as High Pockets, in
its preferred form, has four surface piercing hydrofoils,
two forward and two nearly tracking aft. The second,
known as High Tail, has three fully submerged, controlled
angle hydrofoils one forward and two aft. Both boats have
substantially the same design of hull, engine and pro-
peller-drive system. Table | gives comparative data on
High Pockets and High Tail and cotresponding typical
prototypes. The balance of this report is primarily con-
cemed with fully submerged hydrofoils and High Tail.

DISCUSSION OF THE DESIGN OF HIGH TAIL

A. HYDROFOIL CONFIGURATION, MOUNTING AND
ACTUATION

The High Tail arrangement of one hydrofoil at the
bow and two at the stern is relatively simple, permits
easy hydrofoil retraction and steering, and provides a
location for a single propeller where propeller and hydro-
foil interferences are small.

Each hydrofoil is pivoted on the lower ends of two
hollow struts. Two struts are used instead of one in
order to reduce the bending moments in the hydrofoil and
to provide the means to sustain a large impact load at
one end of the hydrofoil without the excessive pivot
loads that would result if a single strut were used.

The hydrofoil is rotated by two hydraulic servo
cylinders each connected to the hydrofoil with a push
rod. Each push rod extends inside the hollow strut from
the servo cylinder at the top of the strut down through
guide bearings and a water seal to a spherical rod end
connection to the hydrofoil.

A semi-circular end plate extends above each end
of each hydrofoil except in the case of the inner ends of
the aft hydrofoils to which circular end plates are at-
tached. These end plates reduce the drag at the lower
flying speeds and add resistance to lateral motion neces-
sary to prevent yawing instability.

The Hydrofoil Draft Increment which fixes the length
of the struts was determined for High Tail’s design as
follows:

First, on the basis of mathematically predicted Flying
Draft Variances given in Table II for the control settings
planned,* the entire range of sea conditions assumed

*Ag = 77 far all wave lengths in heod and following seas,
A, = .99 for wave lengths greater than 25 feet in follawing
seas, and A, = 0 far wave lengths less than 25 feet in fal-

lowing seos ond for all wave lengths in heod seas.

]
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TABLE | COMPARISON OF HIGH TAIL, HIGH POCKETS AND TYPICAL PROTOTYPES

Type of Hydrofoil
Type of Stabilization

Froude Number
Number of Hydrofoils
Steering

Hull Length

Overall Length, Foils Retracted
Overall Length, Foils Extended
Overall Width, Foils Retracted
Overall Width, Foils Extended
Overall Width, Hull

.Draft Boat Stationary,

Foils Retracted, L.W.L.
Draft Boat Stationary,

Foils Extended, L.W.L.
Longitudinal Foil Spacing
Transverse Spacing between

Center Lines of side-by-side Foils
Height above L.W.L., Foils Retracted
Height above L.W.L., Foils Extended
Foil Chord, Front
Foil Chord, Aft
Propeller Diameter and Pitch
Full Speed Clearance
Fuli Speed, Fore Foil Submergence

below Mean Sea Level
Full Speed, Aft Foil Submergence

below Mean Sea Level
Velocity of Emergence, Knots

atC; = .6
Cruising Speed in Waves, Knots

atCp = 4
Approximate Top Speed, Knots
Engine

Horsepower
Method of Retraction Foils & Propeller
Means of Foil-Impact, Load Limitation
Foil and Strut Material
(After conversion)
Type of Foil and Strut Structure
Fuel Capacity
Hull Construction

Turning Circle

Displacement, Full Load Condition, Lbs.

Pay Load, Lbs.
Light Condition, Lbs.

- 27.5 Knots
Lift/Drag Ratio* - 24.2 Knots
Propeller Shaft Up - 23.8 Knots

- 21.6 Knots
Lift/Drag Ratio* - 27.5 Knots
Lift/Drag Ratio* - 24.2 Knots
Propeller Shaft Down - 23.8 Knots

- 21.6 Knots
*_ECift fg) Weight of Loaded Boat

Drag Towing Force without Propeller

Typical
High Tail Prototype

Horizontal Fully Submerged
Angle Control, Mechanical
Computers, Hydraulic Servos

525 525
3 3
By rotation
of front foil unit
22’ 88’
24’ 9%’
253" 101’
12’ 6" 40’
12’ 6" 40’
7' 6" 20’
2' l” 81 4”
3l Sl) 13) 8”
22 88’
7' 28’
5'3" 21’
4'3” - 17
9" 20"
71/2" 16 5/8"

15" x 16"
1! 4!
18" 6'
18" 6'
17 34
22 44
30 60

Chrysler M-47S
with 1.41 V-Drive,
Reduction Gear

135 4,000
Hydraulic Hydraulic
Hydraulic Hydraulic

K-Monel K-Monel

Hollow Weldment
52 Gal.,
Round Bottom
Fiberglass
9.9 Boat Lengths**

6,000 118,000
915 32,000
4,600 86,000

16.0*

14.4kx*

**  Qverall boat length of 25’ 3"’ was used in this determination.

High Pockets

Typical
Prototype

V - 42° Dihedral
Area Variation

24
Jord4

By rotation
of front foil units

22’
23° gn
23
101 6"
151 9"
7! 611

21"

3’ 5"
19’

Bl 6"
513"
4" 3"
71/2”
71/2"
15" x 20"
11

15¢
17"
21

30
35
Chrysler M-478
with 1.41 V-Drive,
Reduction Gear
135
Hand Crank
Friction
Alum. Alloy
2024-T4
Solid Extrusion
42 Gal.
Round Bottom
Fiberglass
360 Ft. Radius
at 32 Knots
6,000
950
4,450
16.4
15.0
17.3

13.7
13.0
15.1

*#x Computed by adding High Tail's propeller shaft up towing force to the propeller shaft housing and strut drag.

40
43 8"
40’ 10"

14
29) Sl’
10! 41'

3!

61 8”
32

19) 2”

9, 2"

61 4 ”
13"
13"

21 ” X 28’1

1! 8”

26”
26’!

27

39
45

600
Hydraulic
Hydraulic

Alum. Alloy
7075-T6

180 Gal.
V Bottom
Fiberglass

28,000
8,100
18,100
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1

was divided into two parts, the Lower Range including
all sea conditions where High Tail's Flying Draft Vari-
ance is 2 feet or less and the Upper Range including all
sea conditions where High Tail’s Flying Draft Variance
is more that 2 feet.

Second, on the basis of experience with High Pockets,
the Lift Draft was taken as 6 inches.

Third, also on the basis of experience with High Pockets,
a Contour Allowance of zero was selected for the Lower
Range of sea conditions and a Contour Allowance of
minus 5 inches was selected for the Upper Range of sea
conditions.

Fourth, the Hydrofoil Draft Increment was determined as
2 1/2 feet for both Upper and Lower Ranges of sea con-
ditions by adding the maximum Flying Draft Variance for
each range of sea conditions to the Lift Draft and the
corresponding Contour Allowance. The change in Con-
tour Allowance is introduced by means of the three con-
trol station trimming adjustments.

The control setting for a Contour Allowance of minus
Sinches results in a ¢mall added drag in the Upper Range
of sea conditions for which it is used. But this extra
drag is not serious because of the rare occurrence of sea
conditions in the Upper Range.

B. HYDROFOIL AREA

It was planned on the basis of Reference 8 to limit
the maximum lift coefficient to 0.8. With the planned
limiting acceleration upward due to waves or turning
equal to gravity, i.e., 2g total. The 0.8 coefficient of
lift in waves corresponds to 0.4 in smooth water. Fortu-
nately the L/D is near maximum at a coefficient of lift
of 0.4.

The Up Speed was chosen to place the coefficient
of lift in smooth water at 0.6, the difference between 0.6
and 0.8 being again to provide for the smaller vertical
acceleration due to waves and turning at Up Speed.

(A) CAGED POSITION, {B) MAXIMUM ANGLE, {C) MINIMUM ANGLE,
END PLATE REMOVED END PLATE REMOVED END PLATE REMOVED

C. THE HYDROFOIL PIVOT AXI5 LOCATION
AND THE SMOOTHED SERVO PRESSURE

The fact that the moment coefficient for the one-
quarter chord point of a hydrofoil is substantially inde-
pendent of the angle of attack is taken advantage of in
the design of High Tail (Reference 9). A pivot point on
the chord line is considered structurally impractical, but
there is a pivot point location sufficiently above the chord
line to be structurally suitable and for which the variation
in moment coefficient with change in angle of attack is
small. The hydrodynamic moment on a hydrofoil with
such a pivot location therefore varies only with the Dy-
namic Pressure.

The reaction of the hydrodynamic moment on a hydro-
foil is the sum of the moments due to a) weight of the
hydrofoil, b) inertia of the hydrofoil, c) friction resisting
rotation of the hydrofoil above its pivot axis, d) drain
pressure in the servo cylinders and e) Servo Pressure in
servo cylinders, the servo cylinders being the hydraulic
cylinders that actuate the rotation of the hydrofoil for
control. The moment due to weight is comparatively small
and substantially constant; the moment due to inertia is
small and alternating; the moment due to friction is 10 to
20 percent of the hydrodynamic moment and alternating;
the momentdue to drain pressure is small; and the mement
due to Servo Pressure is the balance of the reaction of
the hydrodynamic moment on the hydrofoil. It follows that
the Servo Pressure can be considered as made up of two
components 1) a steady component approximately pro-
portional to the Dynamic Pressure and hence varying only
with the speed of the hydrofoil with respect to the water
and 2) an alternating component proportional to the sum of
the inertia and friction moments which have the same
frequencies of alternation as that of the water surface
passing the hydrofoil. By smoothing, the Servo Pressure
alternating component is largely removed so that the
Smooth Servo Pressure becomes approximately proportion-

al to the Dynamic Pressure. In other words, the ratio ]
is approximately constant. q

Smoothed Servo Pressures are used on High Tail to
control the loading on the sensors, to subsiantially elim-
inate change in Bottom Clearance with speed at speeds
above Up Speed, and to automatically introduce control

{D) ONE-HALF CIRCLE (E) FULL CIRCLE
END PLATE END PLATE

PHOTO 11 HYDROFOIL DETAILS
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PHOTO 12 RIGHT AFT HYDROFOIL SIGNAL INPUT AND
CAGING - COVER REMOVED

operations during acceleration and deceleration of the
boat.

D. SERVOS

The flow of high pressure hydrolic fluid to and the
drain from the servo cylinder is controled by a valve. A
mechanical linkage produces the difference between a

hydrofoil angle command signal and the hydrofoil angle.

This difference as a displacement operates the hydrolic
valve in such a way as to remove the difference. Thus,

the hydrofoil angle follows the angle command signal.
The ratio of the rate of fluid flow through the servo

valve to the difference between the command signal and
the hydrofoil angle setting was selected, in the design,
to produce optimum smoothing as determined by the mathe-
matical analysis of Appendix D.

E. STEERING

PHOTO 13 RIGHT AFT SERVO - COVER REMOVED

KR LT
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PHOTO 14 SUSPENDED - HEAD ON VIEW, STEERED TO
THE RIGHT - SENSORS, HYDROFOILS AND

PROPELLER EXTENDED

In the displacement condition with the hydrofoil and
the propeller retracted, High Tail is steered with a rudder
cable connected to a small steering wheel at the control
station. This rudder produces very little drag, first, be-
cause it is spring centered whenever the small steering
wheel is released and, second, in the flying condition
most of the rudder surface is above the water.

In the flying condition, the forward hydrofoil unit,
including the supporting struts,is rotated about an up-
right axis for steering. Bow steering, by rotation of the
forward hydrofoil unit, was chosen to avoid substantially
altering the flow direction of the water approaching the
propeller when turning and to improve maneuverability in
the floating condition with the hydrofoils extended.

The steeringrotation is power assisted with a stand-
ard automotive power steering unit with a check valve
added to prevent sudden rotation of the forward hydrofoil
unit as the result of striking an obstacle with the forward

hydrofoil.




PHOTO 16 FORWARD SENSOR IN ACTION

F. SENSORS

The mathematical analysis reported on herein indi-
cates that the Flying Draft Variance becomes excessive
if the Sensor Lead is not near optimum. It does not ap-
pear practical to simulate Sensor Lead by the use of a
wave slope signal or a time rate of change in sensor
signal because of the frequently present short wave length
water surface roughness. Actual optimum Sensor Lead
therefore appears essential for minimum Flying Draft

Variance.
The results of the mathematical analysis shown in

Table II indicate that for a boat of High Tail’s propor-
tions and Hydrofoil Froude Number, the maximum Flying
Draft Variance without aft hydrofoil pitch and heave
control is more than double that pcssible with surface
sensing pitch and heave control. It follows that the
omission of aft hydrofoil pitch and heave control approx-
imately doubles the Hydrofoil Draft Increment required
and correspondingly increases the propeller draft needed.

The contractor suggested mechanical sensing and
an electronic sensing scheme for High Tail. (Reference
30) The choice of mechanical sensing was made for the
purposes of the contract by the Office of Naval Research.

High Tail has one forward extending mechanical
sensor touching the water surface forward of the forward
hydrofoil and two aft extending mechanical sensors one
touching the water surface forward of each aft hydrofoil.*
All have near optimum Sensor Lead. The forward sensor
controls pitch and heave, and the aft sensors control
pitch, heave and roll.

If a hydrofoil system were enough narrower than
High Tail’s system to eliminate any need for the boat to
follow the water surface in roll as High Tail does, a
vertical determining device such as a gyro vertical could
be used for producing the roll signal and no water sensor

*W, M. and L. E. Meacham are believed ta be the first (1916)
to show a farward extending sensor cantralling the angle af
a farward hydrofoil (Refeience 19). Later (1953) C. Hook
also shows forward extending sensors using the same princi-
pal as the Meachams but different details (Reference 20). See
Reference 17 for other informating an Haok's scheme and de-

velapments therefrom.
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signal would be needed for roll control.

As High Tail accelerates from rest (decelerates
from speed) the sensors unfold (fold) automatically.
Underway, in order to avoid substantial change in sensor
penetration of the water surface with change in boat
speed, the loading of each sensor is increased auto-
matically with the square of the boat speed. This is
done by using the Servo Pressures to control the hy-
draulic pressures in the cylinders which load the sensors.

Several designs for the part of the sensors in con-
tact with the water were tested seeking to minimize drag,
spray and impact. The design that appears best is a
narrow, rigid ski with negative dead rise of 45° and with
streamlined strut attachments to the sensor arm. This
form of sensor penetrates smaller waves reducing the
vertical acceleration of the ski without the use of added
flexibility in the ski attachment to the sensor arm.

It is natural to be concerned about the possibility
of Tripping of a forward extending sensor, i.e., the sud-
den submergence and downward rotation of the sensor.
In the many hours of testing thus far with several sensor
designs and a variety of wave conditions, Tripping has
never occurred.® Yet since all possible wave conditions
have not been encountered the possibility cannot be
ruled out. It is certainly important in the design: a) to
minimize the probability of Tripping, and b) to avoid
damage and delay if Tripping should ever take place.

It is believed that the probability of Tripping on
High Tail has been minimized by the use of the lowest
practical pivot axis for the sensor arm, by streamlining
the upper portions of the ski and the strut attachments of
the ski to the sensor-arm and by the choice of optimum
trim angle for the ski. High Tail has a cable attachment
between the hull and the middle of the sensor arm to
minimize damage should Tripping take place. It is doubt-
ful if this arrangement alone would prevent damage to

the outer end of the arm.
The avoidance of damage, if Tripping should take

place, appears to be possible either by hinging of the
sensor arm to permit downward rotation of the ski and
outer end of the arm or by rotating the sensor arm with a
hydraulic servo responsive to the hydrodynamic force on
a ski or other water probe at the outer end of the sensor

arm.
For a given Hydrofoil Froude Number, a geometri-

cally similar increase in boat and wave train dimensions
decreases the frequency of wave encounter. Unfortunate-
ly, the natural frequencies of a sensor arm decrease by a
larger ratio. This effect tends to limit the size of a
practical sensor and therefore, limits the size of boat,
with a given Hydrofoil Froude Number, that can practi-
cally use a given type of mechanical sensor.¢ No such
limit has been determined by the contractor. However,
mechanical sensing within this size limitation has the
following advantages:

®0nce when a fracture due to a defective weld accurred in the
outer end of the sansor arm removing the ski, the arm, having
lost its ski support, rotated downward submerged and was
carried against the forward hydrofoil. )

4|f the sensor arm is ratated with a hydraulic servo, as men-
tioned previously, it is believed the size limit is substantial-
ly greater than where a ski is depended on for the upward

fOFCO on the sansar arm.




1) Accurate sensing for the control of the rear G. COMPUTER

hydrofoils can be accomplished during take-off
despite heavy spray from the hull.

A Mechanical computer is a basic part in High Tail’s

2) Optimum Sensor Lead for the forward hydrofoil control. The computer is made up of adding and sub-
or hydrofoils is easily obtained. tracting linkages, multiplying levers and Function Units.

3) Sensing can be very reliable especially for roll The computer puts out three angle command signals, one
control where lack of reliability could cause the for each hydrofoil servo and other signals for:

boat to capsize.

4) Even with very light sensors, adequate energy
can be obtained from the sensors to operate the
control except for the actuation of the hydrofoils.
Hence no power supply other than hydraulic
pressure is required.

[ 2

- 1)
3)
4)

PHOTO 17 FORWARD COMPUTER SECTION AND FORWARD
SENSOR CONTROL - COVER OFF - QUARTER -
ING VIEW

PHOTO 18 FORWARD COMPUTER SECTION AND FOR-

a) control of the folding and unfolding of the sen-
sors;

b) starting and stopping the angle control; and

c) indicating the flying elevation of the boat.

PHOTO 19 SEQUENCE FUNCTION UNIT

The input signals to the computer are:

the displacements of three water surface sensors;
the steering angle of the forward hydrofoil;

the Servo Pressures;

the four manual control station adjustments of which

WARD SENSOR CONTROL - COVER OFF - PHOTO 20 STERN COMPUTER SECTION AND RUDDER

SIDE VIEW

CONTROL - COVER REMOVED
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three are for pay load, elevation, pitch and roll trim-

ming and the fourth is for sea condition. .
Because of the computer characteristics, High Tail

on a straight course automatically flies at a constant
mean altitude at all flying speeds and banks and lowers
in turns. As High Tail accelerates from rest (decelerates
from speed) and sensors unfold (fold), the angle control
starts (stops), and the hull abruptly climbs to (descends
from) the flying elevation, all automatically at predeter-

mined speeds.
The contractor proposed in Reference 30 an alterna-

tive electrical computer. The mechanical form was chosen
for the purpose of the contract by the Office of Naval
Research. Where mechanical sensing is used or where
the output signal of the sensor is mechanical as with the
sensor proposed in Reference 30, the mechanical form of

PHOTO 21 BOW COMPUTER SECTION AND REAR SenN3OR

the computer appears the best choice because no power
supply is involved and the computer is relatively simple,
inherently reliable and low in cost and maintenance.

The size of the computer on High Tail was de-
termined, to an important degree, by the room required
for access to all parts. On this account, the size of a
similar computer for a prototype would be much smaller
in relation to the size of boat.

If a hydrofoil system were enongh narrower than
High Tail's system to eliminate any need for the boat
to follow the water surface in roll, a vertical determining
device such as a gyro veitical could be used for produc-
ing the roll signal instead of the difference between the
aft sensor displacements as in High Tail’s control. This
would, of course, add the vertical determining device but

CONTROL AS VIEWED THROUGH ACCESS DOOR




there would be a substantial simplification in the com-

puter section for the aft hydrofoils.
High Tail’s computer section tor the forward hydro-

foil includes, for test purposes, a multiplier for control
station adjustment of the coupling factor A during
flight. The analysis of Appendix D indicates, and the
tests thus far confirm, that no adjustment of A is needed
on a prototype. On this account, for a prototype, the com-
puter section for the forward hydrofoil could be subs-
tantially simplified.

H. HYDROFOIL RETRACTION

High Tail’s hydrofoils are retractable to avoid ex-
cessive draft in the displacement condition and to aid in
maintaining smooth surfaces on the hydrofoils. Each
hydrofoil is rotated 180° about a horizontal transverse
axis for retraction by means of two manually controlled
power operated hydraulic cylinders.

I. PROPULSION AND PROPELLER RETRACTION

The propulsion engine (see TableI for specification)
with conventional V reduction gear, drives the propeller
shaft through a universal joint. The propeller shaft is
supported in a streamlined housing fixed to a streamlined
strut which extends upward into and is supported within
an upright cylindrical tube rigidly mounted within the
hull.

The propeller is moved down and retracted by means
of a small hydraulic cylinder the ram of which is coupled
to the strut. The corresponding freedom of shaft move-
ment is provided by the universal joint. The propeller is
retracted to its uppermost position when the foils are re-
tracted and the boat is operated in the floating conditicn.
The propeller is extended to its lowest position for fly-
ing.

Water for cooling the engine and lubricating the pro-
peller shaft bearings is conducted into the hull by means

of the propeller shaft housing.
It is of interest to compare the slanting drive shaft

system to the right angle bevel gear drive plan which has
also been used for hydrofoil boats.* The towing tests of
Reference 5 indicate that the added drag of the shaft
housing and strut of the slanting drive shaft system is
about 10 per cent of the total drag of High Tail at 21.6
knots, the design speed. With the right angle bevel gear
drive, the submerged nacelle, to house the bevel gears,
and the thickened strut, to house the vertical drive shaft,
add to the drag. In addition there are the losses in the
bevel gears and the reduction in propeller efficiency
caused by the interference of the nacelle and vertical
strut.®  All things considered there appears to be no sub-

¥A study of a large number of hydrofoil drive systems is report-
ed on in Reference 18.

®Thot the interference with the propeller con be small with the
slonting shoft design is indicated by the high propeller effi-
ciency of High Pockets os reported in Reference 5.

stantial advantage in the right angle bevel gear drive

from the standpoint of efficiency:
The advantages of the slanting shaft plan are:

1) no underwater gearing to lubricate and isolate
from sea water;

2) main engine power available for both floating
and flying conditions without added complica-
tion; and

3) lower first cost and maintenance cost.

The slanting shaft design is believed heavier than
the right angle bevel gear design especially if the shaft
is solid and the shaft angle is less than 15° With a hol-
low shaft and a shaft angle of 15° or greater, it appears
that the weight difference is small and justified by the
advantages listed above unless the Flying Draft Variance
is excessive. It follows that the practical use of the
slanting shaft plan may depend on good performance of
the hydrofoil angle control.

J. IMPACT ENERGY ABSORPTION

To minimize the shock of striking bottom or an
obstacle in the water a high flow velocity relief valve is
included within one of the retraction cylinders for each
aft hydrofoil to permit rotation of the hydrofoil about the
folding axis under high resistance to absorb as much of
the impact energy as practical without exceeding the
strength of the structure.

In the case of the forward hydrofoil the rotation for
retraction is cpposite to that needed for shock absorption,
so that a separate hydraulic cylinder with external high
flow velocity relief valve and a separate hinge axis are
provided.

An external high flow velocity relief valve is also
used with the propeller retraction cylinder to provide for
energy absorption in case of impact on the propeller or
propeller shaft housing.

PHOTO 22 SUSPENDED - BOW VIEW, FORWARD HYDRO-
FOIL ROTATED REARWARD SHOWING MOVE-
MENT AND IMPACT ENERGY ABSORPTION
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K. HYDRAULIC SYSTEM

Hydraulics are used in the control for actuation of
the controlled hydrofoil rotations, for smoothing, for
transmitting manual adjustments from the control station
to the computer, for automatic introduction of the control
operations required during forward acceleration and de-
celeration, for eliminating changes in Bottom Clearance
with changes in speed and for power assisted steering.

Kydraulics are also used for retraction and extension
of hydrofoils, propeller and sensors and for impact energy

absorption.
The use of electrical components (precluded by the

specification) would somewhat simplify the bydraulic

piping.

SUBMERGED HYDROFOIL CONTROL
THEORY AND APPLICATION

A. PITCH AND HEAVE CONTROL
REQUIREMENTS FOR MINIMUM DRAFT
AND LIMITED ACCELERATION

The Hydrofoil Draft Increment required is of course
determined by the maximum Flying Draft Variance to be
encountered. As an approach to the approximate determi-
nation of the maximum Flying Draft Variance, consider a
single hydrofoil flying at a constant horizontal speed v in
a sinusoidal wave train of given wave length A and ampli-
tude y,. Assume a sinusoidal hydrofoil flight path of the
same phase and wave length as the wave train as deter-
mined in the direction of flight. Under these conditions the
Flying Draft Variance d_required at the center of the foil
to limit the vertical acceleration of the hydrofoil to a
specific tolerable amount, as determined in Appendix B,
is given by:

=
g .o ® A )

] R 2r%(vcosB+2.265 VA )

Inspection of Equation (1) indicates that the largest
Iilying Draft Variance, dr for given magnitudes of A, R,
(h),, and v, is with a plus sign in the denominator of the
last term and with 8 equal to zero which is the head sea
condition. In the head sea condition with (}'1')t = 32.2
ft/sec’; v = 36.6 ft/sec; R = 30; the maximum d =d =
2.08" occurs at A = A_ = 83". The relation between d,

and A is shown in Chart I.
If the flight path and wave profile are not in phase,
a larger Flying Draft Variance is required.

An actual wave train is of course not sinusoidal so
that for accurate treatment it would be necessary to con-
sider an actual wave train and the corresponding flight
path in several component wave trains. For the purpose
of estimatingdraft and acceleration limits it appears only
necessary to consider the dominant sinusoidal component
and one or two other components. On this basis Equation
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(1) can be applied to each component with a rough allow-
ance for departures from the assumptions on which (1) is
based and the results added to determine the total Flying
Draft Variance and acceleration amplitude. Or, more
simply, Equation (1) may be applied to the dominant si-
nusoidal component only with the presence of the com-
ponents of other wave lengths taken into account in the
choice of R. The latter procedure with a slightly differ-
ent equation was used for purposes of predicting the Fly-
ing Draft Variance inherently required for High Tail.

The Hydrofoil Draft Increment, needed to provide
adequate Bottom Clearance between the hydrofoils for a
tandem hydrofoil system, is the sum of the Lift Draft, the
Contour Allowance, and the Flying Draft Variance.

B. PITCH AND HEAVE CONTROL SIGNALS AND
COUPLING PARAMETERS FOR ZERO FLYING
DRAFT VARIANCE IN LOMG WAVES

In a tandem, fully submerged hydrofoil system, at
least one signal dependent on the elevaiion of the hull
relative to the water surface is necessary for control of
the incidence angles of the hydrofoils. For control de-
sign purposes it is necessary to select the location or
locations of sensing the water surface and to determine
the additional signals required.

From Chart 1 it is apparent that no Flying Draft
Varance is required to limit the acceleration to that
tolerable for either following sea wave lengths longer
than A; or head sea wave lengths longer than A, . Zero

Flying Draft Variance for such wave lengths is desirable
in order to permit adequate Flying Draft Variance for
shorter waves typically present and to avoid the corre-
sponding vertical acceleration components of objection-
able magnitude. Considering only pitch and heave mo-
tions and assuming that the wave lengths are long enough
to neglect the rate of change in water surface curvature
encountered, the condition of zero Flying Draft Variance
determines the coupling relationships between the hydro-
foil angles and the sensor displacements both with re-
spect to the boat hull. These relationships depend on
the fore and aft locations of the sensors and foils, the
velocity of the boat, the velocity of the wave train, the
course of the boat with respect to the direction of the
wave train velocity, and the relative water velocity with
respect to the boat.

For the case of a water surface sensor forward of
each foil, it is shown in Appendix C that the required
coupling relationships between the sensors and the hydro-
foils for zero Flying Draft Variance in long Waves 1s ex-
pressed approximately by:

w, A V)]
a; = f:ﬂ 81
Kq 1
w_ A
g, & e "% ®
Kq 1
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in which Ap and A, are determined by the wave length
and the wave train velocity direction with respect to the
boat course.

C. THE SELECTION OF PITCH AND HEAVE
CONTROL PARAMETERS FOR MINIMUM DRAFT
AND LIMITED ACCELERATION

The Dynamic analysis of Appendix D indicates: a)
that the Flying Draft Variance in long waves with the
coupling relationships expressed by Equations (2) and
(3) is very small, as would be expected; b) that the
Flying Draft Variance is excessive for wave lengths
about twice the boat length; and c) that the maximum
Flying Draft Variance and maximum vertical acceleration
for all wave lengths and wave train velocity directions
relative to the boat course, can be brought within practi-
cal limits by selecting the optimum Sensor Lead, by re-
placingthe coefficients A and A, in Equations (2) and
(3), with the coefficients Af and Aa selected to corre-
spond to the wave length and wave train velocity direc-
tion, and by introducing first order smoothing. Equations
(2) and (3) with these modifications become:

W Ag
a + Ea = R I—— 5 (4)
f f Kq 1 1
E a "a Aa b} (5)
a, + a = — -
a “ Ke 1 2

The results of the analysis indicate that there is
latitude in the selection of A; and A_. However, selec-
tions of particular interest are: Ap = 0.77 for all wave
lengths in head and following seas, A_ = 0.99 for wave
lengths greater than 25 feet in following seas, and A =
0 for wave lengths less than 25 feet for following seas
and for all wave lengths in head seas. With these se-
lections, the entire range of head and following sea con-
ditions involves no change in A, and only two values of
A, ; the computed maximum Flying Draft Variance for the
hydrofoils is 2.41 feet; and the computed maximum ac-
celeration at the center of the boat is 35.75 ft/sec’.

These figures may be compared to the maximum
Flying Draft Variance of 2.08 feet and a maximum ac-
celeration of 322 ft/sec? for the idealized single hydro-
foil case mentioned in connection with Equation (1). In
quartering seas with lower frequencies of wave encounter
and higher ratios of wave length to amplitude there is
more latitude in the selection of A. and A  so that no
additional combination of A and A  appears to be needed

or desirable.
In view of the definitions of a, and 82 Equation (5)

may be expanded to:
2
. . a
Qar + %ap + E Car + E Oa1 = E_" — (82r + 821) (6)
q
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D. ROLL STABILIZATION

A larger ratio of error is permissible for roll control
than for pitch and heave control. The reason is that the
difference in elevation of the outer ends of the hydrofoils
with respect to the water surface which the roll control
regulates is much smaller in linear measure than the
change in elevation of the keel due to pitch and heave
motions. Unfortunately where roll is controlled, as in
High Tail, through the difference in angle settings of two
aft hydrofoils, the relation between the sensor movements
and the hydrofoil angle settings required for proper roll
control is much different than the relation between the
sensor movements and the hydrofoil settings required for
proper pitch and heave control. In other words, if the
sensor forward of each aft hydrofoil were simply coupled
directly to that hydrofoil there is no coupling ratio which
would be proper for roll control and also proper for pitch
and heave control for all wave lengths and wave velocity
direction with respect to the boat course.

The angle of roll with respect to the water surface
is determined by the difference between right and left
sensor movements. Thus in the case of High Tail with
two hydrofoils and two sensors aft and one hydrofoil and
one sensor forward, the angle of roll is given by :

5, -8
b

y:

Since a rolling moment or movement is produced by
a difference between right and left aft hydrofoil angles,
a restoring effect in roll without smoothing can be ex-
pressed by:

(aar _.aal> = f<321"52r> ®

First order smoothing of the same type as included
in Equations (4) and (5) can be added to Equation (8) by
replacing a, and a ; with (@, +Ed_)and (e +Ed,)
respectively thus:

A
Qar +E dar i (aal +E dal) = b'_r(321 - 32r) (9)

a
)

Adding Equations (6) and (9) gives:

. ot 08 Ay (10)
a+tEd, = +E;--2T(52r+821)_2T(82r_821)
s

Subtracting Equation (9) from Equation (6) gives:

w
a

a r
a +Eéa, = +—=—(0, +0,)+—0, ~
1 2 21 2
al a Kq 21 r 2bs r

) 1)
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Equations (4), (10) and (11) express coupling relation-
ships for control of pitch, heave and roll on a straight
course with first order smoothing,.

E. ROLL AND ELEYATION CONTROL IN
TURNS

In order to reduce the side loads on both the struts
and occupants of the boat it is desirable to use some
banking of the boat in a turn. Full Banking for a boat of
High Tail's beamwise dimensions is not compatible with
minimum Hydrofoil Draft Increment for sharp turns because
the hydrofoil on the outside of the turn would broach the
surface. On High Tail about one half Full Banking is
produced automatically by using the steering rotation of
the forward hydrofoil as an added signal in the roll con-
trol for the rear foils. This scheme can be expressed by
introducing the terms -K 6 and +K99c into Equations
(10) and (11) respectively as shown in Equations (13)
and (14).

Even with one half Full Banking, lowering of the
boat in a turn is used on High Tail to avoid adding to the
Hydrofoil Draft Increment. This lowering can be express-
ed by introducing the term —Kft‘)b’ into Equation (4) and
the term mKaeb’ into each of the Equations (10) and
(11), as shown in Equations (12), (13) and (14) respec-
tively.

F. AUTOMATIC CLIMB AND DESCENT
DURING ACCELERATION AND
DECELERATION

As High Tail reaches Up Speed (Down Speed) the
hull abruptly climbs to (descends from) the flying ele-
vation automatically. This behavior can be expressed by
subtracting the term A_ from each of the sensor displace-
ments, 8], 521-’ and 621 in the coupling Equations (4),
(10) and (11), as shown in Equations (12), (13) and (14)
respectively.

G. MANUAL ADJUSTMENTS FOR PAY LOAD
AND TRIMMING

w
The term _t in Equation (4) may be approximated

Kq
: Yh B Wa . .
by the quantity | _ % L ¢ The teem _2 in Equation
Kq Kq
3 . Yah B
(10) may be approximated by the quantity | _ == | “ar
Kq

w
The term _2 in Equation (11) may be approximated by the
Kq

quantity [K;h +Bal] . The first term in each of the
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bracketed quantities above varies only with q. The iast
term represents manual adjustment for pay load. How-
ever, the last term can also represent adjustment for trim-
ming the elevation, pitch or roll of the boat.

Trimming adjustments for such purposes would be
more ideal if they were combined with the term A . But
this would complicate the computer in a way that seems
unnecessary unless it is important to have the sea condi-
tion adjustment independeant of the trimming adjustment
for any adjustment of elevation.

H.. SPECIFIC COUPLING EQUATIONS AND
HIGH TAIL'S CONTROL

The Equations (4), (10) and (11) modified as de-
scribed in the preceding sections become the Specific
Coupling Equations:

LN Af .
af+E df=E+Bf—l—(6]~Ae+Kf0b ) (12)
w8 AB
Gor * B dgr = =+ Bar ™ o @t 8y = 2,

A
+ 2K, 0,7)~ 2br (B ~ 81 + 2Kgf ) (13)

w

ah
Kq

a
+ By = 51—(82r+ 621 - 2Ae

A
+ 2K 0,7)4 2; (Gg 04 + 2Kg0,) (14)

w

High Tail’s hydrofoil angle control continuously pro-
duces the angle settings a;, a,. and a,;, expressed by
the Equations (12), (13) and (14). The sensors, computer,
servos and their connections are all involved. The
signals functionally related to the sensor displacements
81, 521- and 821,the steering angle ¢, and the Dynamic
Pressure q, are transmitted to the computer. The com-
puter is adjusted manually for the sea condition and for
pay load and trim. The sea condition adjustment is
functionally related to the parameter A _,and the pay load
and trim adjustments are proportional to the parameters
B, B, and B

The computer produces the signals oy, o, and o,
which are proportional to the right hand members of the
Specific Coupling Equations (12), (13) and (14) respective-
ly. The signals g;, o, and g, are transmitted as com-
mands to the servos. The servos are designed to produce
from these commands the hydrofoil angle settings ag, ag,
and a,, that satisfy the Specific Coupling Equations (12),
(13) and (14).




I. FUNCTION UNITS

The term Function Unit as used herin designates a
control component which produces a signal that is a
prescribed function, other than a simple linear relation-
ship, of the signal recieved. Higit Tail has five kinds of
Function Units, sixteen units in all. The three servos
are Smoothing Function Units. In the comoauter there are
three more Smoothing Function Units, five Sine Function
Units, two Steering Function Units, two Reciprocal Func-
tion Units and one Sequence Function Unit. Each of the
five signals transmitted to the computer is recieved by

one or more Function units.
The three sensor displacements are transmitted to

the computer as angular displacements of the three sensor
mounting shafts. Each of these angular displacements is
approximately the arc sine of §, § being the downward
vertical displacement of the sensor contact with the water
surface. For each sensor shaft a Sine Function Unit is
used to produce a signal proportional to § from the angu-
lar displacement of the shaft. Each Sine Function Unit
consists of a crank on the sensor shaft and a connecting
rod transmitting the signal, with the angle between the
crank and the connecting rod equal to the angle between
the Sensor Radius and a line perpendicular to the Flying
Bottom Plane.

A signal, proportional to the steering angle 0, is re-
ceived by two Steering Function Units,one in the control
for the forward hydrofoil and one in the control for the aft
hydrofoils. Both Steering Function Units produce a signal
proportional to the function Gb’ appearing in the Specific
Coupling Equations (12), (13) and (14). In each unit the
square function is produced with a crank and connecting
rod on dead center at = 0, and the discontinuities in the
functional relation between 6 and ¢, are produced with
lost motion in the connection rod and with a related stop
and spring. In addition, the Steering Function Unit for
the aft hydrofoils produces a signal proportional to 6_ by
means of an overload release equipped connecting rod.
"This connecting rod has a displacement lengthwise at one
end proportional to the steering angle ¢ and a displace-
ment lengthwise at the other end limited by stops corre-
sponding to the limits on § . The change in length of the
connecting rod is accommodated by its overload release.

The characteristics of the servos as Smoothing
Function Units is included in Appendix D.

The Servo Pressure*, which is the signal specifical-
ly related to the Dynamic Pressure q, is received by the
three other Smoothing Function Units each of which con-
sists of an accumulator connected to the Servo Pressure
with a passage testricted by an orifice. The pressure in
the accumulator is the Smoothed Servo Pressure. Because
the smoothing effects of the Smoothing Function Units
are not identical, there is a Smoothed Servo Pressure for
each of the three Smoothing Function Units.

One such smoothed Servo Pressure is the signal to
a Sequence Function Unit which is a battery of four pilot
valves (only three are used on High Tail). These valves
are closed (opened) in sequence as the Smoothed Servo
Pressure is increased (decreased) by the increase (de-
crease) in forward speed of the boat. The corresponding

*The Servo Pressure has nothing to do with the seivos as
Smoothing Function Units.

sequence of abrupt increases (decreases) in the three
pilot pressures automatically extends (folds) the sensors
at Sensor Down (Up) Speed, starts (stops) the hydrofoil
angle control at Uncage (Cage) Speed, and introduces the
abrupt climb to (descent from) the flying elevation at Up
(Down) Speed during acceleration (deceleration). The
climb (descent) operation is specifically related to the
term A in the Specific Coupling Equations (12), (13) and
(14).

The second such Smoothed Servo Pressure is trans-
mitted to two Reciprocal Function Units, one in the con-
trol for the forward hydrofoil and one in the control for
the aft hydrofoils. These Reciprocal Function Units pro-
duce identical signals functionally related to the terms

w_ﬂl and Yﬂin the Specific Coupling Equations (12), (13)
Kq Kq

and (14), the Smoothed Servo Pressure Q being the signal
for the Dynamic Pressure q as explained in Section C of
the Discussion of the Design of High Tail herein. These
signals substantially eliminate change in Bottom Clear-
ance with change in boat speed if the boat speed is above
Up Speed.

Each Reciprocal Function Unit is a variable length
connecting link in the computer mechanism which includes
a nonlinear spring member loaded with a small low friction
hydraulic cylinder to which the Smoothed Servo Pressure
is connected. The arrangement is such that the Smoothed
Servo Pressure determines the deflection of the nonlinear
spring member and the latter determines the increase in
length of the Reciprocal Function Unit as a connecting
link which is the signal o, for both Reciprocal Function
Units.

There is considerable freedom in the choice of the
functional relation between load and deflection in the de-
sign of a nonlinear spring member. But there is a stabil-
ity problem if the deflection must decrease with increase
in load on the spring member. Such a relationship would
be involved if the signal 0, were to equal either the

B W . .
C; —orC_ _2% To avoid the stability problem con-
Kq Kq
sider that the signal o, is given either by:

w

Oy = - Cf ._fh (15)
Kq

or by:
w

o = - Cq |22 (16)
Kq

where C; and C_ are positive constants determined by the

dimensions of the control mechanism and the approximate-

ly constant ratio Q. with the relationships (15) and (16)
q

an increase in length of a Reciprocal Function Unit re-

sults from an increase in the Smoothed Servo Pressure so

that there is no stability problem.
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TEST RESULTS AND PROPGSALS

A. FLYING DRAG

High Pockets was used to tow High Tail in the fly-
ing condition with the propeller of High Tail retracted
above the mean water level. Because of the very small
wake of High Pockets, this plan gives a direct accurate
measure of drag. Severe winter weather set in before the
towing tests could be finished; but a lift-drag ratio of
16.0 in very small waves was measured at 21.6 Knots,
the model design speed. The maximum lift-drag ratio
measured by towing High Pockets with the propeller shaft
retracted was 17.3.

The power required to furnish high pressure hy-
draulic fluid to the control system at the designed speed
in smooth water is estimated to be 0.35 horsepower. The
brake horsepower corresponding to the drag measured at
design speed is 40.2 horsepower as determined from High
Pockets’ data. Therefore, the control in smooth water
at the design speed requires 0.87 per cent of the pro-
pulsion brake horsepower. For the most severe sea con-
dition of Table II it is estimated that 3 horsepower would
be required to furnish the high pressure hydraulic fluid
to the control system. In the design of a prototype, rela-
tive power requirement could be substantially reduced.

The propeller shaft housing and strut add about
42.8 pounds to the drag of High Tail at 21.6 knots.* With
the propeller shaft down in flying position and with .87%
added to the drag as the drag equivalent of the control
power requirement in smooth water, the corresponding
Lift-Drag ratio for High Tail at 21.6 knots is 14.3.

B. FLYING PERFORMANCE IN WAVES

High Tail was operated in waves visually estimated
60 to 90 feet in wave length with maximum wave heights
of 4 to 6 feet respectively. With computer settings of
A= .88 and A_=0ina head sea and A;=.88and A =

.88 in a following sea, the performance as judged visual-
ly without recording instruments was about as predicted
in Table II. With computer settings of A, = .88 and A_=

0 in a following sea, increased Flying Draft Variance
caused brief racing of the engine due to broaching of the
propeller as each wave was traversed. No such difficul-
ty was observed with A= .88andA_ =.8ina following
sea.

It was not possible in the test area to get a run of
sufficient length for a conclusive test in any other head-
ing. But full turns of about 14 boat lengths diameter
were made in these same waves without difficulty. Turns
of about 10 boat lengths diameter have been made on
other occasions without difficulty in waves of about one

foot height.

*This wos computed by dividing the towing test drog obser-
votions on High Pockets ot 24,2 and 27.5 knots by the square
of these respective speeds, multiplying by 21.6 squored ond
toking the overoge of the two results.

Page 26

C. PROPOSED METHOD OF SIMULTANEOUSLY
RECORDING VERTICAL DISPLACEMENT,
VERTICAL ACCELERATION, FLYING
DRAFT AND WAVE PROFILE TRAVERSED

It is proposed:
1) to use accelerometers to produce signals for
recording vertical accelerations of the boat;
2) to continuously integrate these accelerometer
signals with a network to obtain the vertical
displacements of the boat;
3) to use the sensor displacement signals as the
Flying Draft signals; and
4) to subtract the sensor signals from the cor-
responding vertical displacement signals to
obtain the wave profile signals.
An on-board oscillograph would be used to record the
above measurements and such additional measurements as:
engine r.p.m., forward speed, relative speed with respect
to the water, the angular positions of the hydrofoils and

sensors, etc.

FABRICATION PROBLEMS

The hydrofoils, struts and mountings of High Tail
were fabricated as hollow weldments from 17-7 PH stain-
less steel recommended and supplied for the application
by the American Rolling Mill Company.

Considerable development was required in order to
obtain the accurate shapes necessary for the hydrofoils
and struts and on account of the peculiarities of the ma-

erial.
After the boat was under tests for about two weeks

the tests were interrupted to repair a fracture due to a
defective weld in a sensor and to introduce automatic
acceleration control. During this interruption the boat
was stored about 500 feet from shore.

_ I

(A) REPLACEMENT K-MONEL HYDROFOIL SECTION
— 1 I —

(B) EXPERIMENTAL K-MONEL HYDROFOIL SECTION

(c) ORIGINAL 17-7 PH HYDROFOIL SECTION USING
MILLED SHAPES FOR LEADING AND TRAILING
EDGES

—u I i

(D) STRUT SECTION -~ ORIGINALLY 17-7 PH, RE-

PLACED BY K-MONEL
PHOTO 23 WELDED HYDROFOIL AND STRUT SECTIONS
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Eight months later when the new control components
were being installed, through cracks were noticed in the
struts and hydrofoils. Some of the cracks were in the
welds or extended into the welds, others were remote
from any weld. The supplier of the material admitted that
such cracks were to be expected under the circumstances
despite recommendation of the material by the supplier.

The cracks were repaited and tests were resumed
in fresh water. The struts and hydrofoils are now con-
sidered unsafe for extended operation in salt water.

Replacement components are underconstruction from
K-Monel. Unfortunately the fabrication characteristics
of K-Monel are not only different but in some respects un-
known so that further development of fabrication tech-
niques and changes in design detail have become nec-
essary. Now, except for some mortality of components
during fabrication dueto occasional unexplained cracking
in the K-Monel, no new fabrication problem is antici-
pated.

CONCLUSIONS

The conclusions A through I set forth in the Intro-
duction of this report are based on design studies and
tests carried out by the contractor other than those re-
ported on herein. From the studies herein reported it is

further concluded:

J. that for given fore and aft spacing of hydrofoils, and
surface sensing angle control, if any, and with a
given wave train, the vertical accelerations, flight
path and hydrofoil angle settings remain substan-
tially unchanged with changes in total weight or in
the division of weight between forward and aft hydro-
foils so long as the hydrofoil area is also changed
to hold unaltered the load per unit area of hydrofoil
for any given elevation of the hull above the water

surface; (Appendix D)

K. that the dynamic behavior of a hydrofoil boat in
waves should be such as to minimize Flying Draft
Variance to reduce theHydrofoil Draft Increment and
thereby reduce drag, increase the pay load and en-
large areas of flying operation;

L. that to fly in waves of any single wave length, with
any single wave train velocity direction with res-
pect to the boat course, and with an ideal control,
requires a Hydrofoil Draft Increment that increases:
a) with decrease in the limiting tolerable vertical
acceleration, b) with decrease in the wave length-
amplitude ratio, and ¢) with increase in forward

speed of the boat;

M. that at a critical head sea wave length the maximum
Flying Draft Variance occurs which added to the Lift
Draft determines the smallest possible Hydrofoil
Draft Increment;

- that the FlyingDraft Variance required is a minimum

if the control places the flight path in phase with the
wave profile at the critical wave length even though
the flight path is not in phase with wave profile at
other wave lengths so long as the tolerable vertical
acceleration is not exceeded and the Flying Draft
Variance does not exceed that for the critical wave
length;

that the maximum Flying Draft Variance without aft
hydrofoil pitch and heave control may be more than
double that possible with aft hydrofoil surface scns-
ing pitch and heave control and that therefore the
omission of aft hydrofoil pitch and heave control
may double the Hydrofoil Draft Increment required
and correspondingly increase the propeller draft
needed; (Appendix D)

that to achieve minimum Flying Draft Variance and
therefore minimum Hydrofoil Draft Inctement the sen-

sor lead must be near optimum; (Appendix D)

that Optimum Sensor Lead can appatently be prac-

' tically obtained for a forward hydrofoil with a for-

ward extending mechanical sensor and obtained for
aft hydrofoils with rearward extending mechanical
sensors provided the boat is not so large as to pre-
clude adequately high natural frequencies of the
sensor arms;

. that first order smoothing of the sensor signal is de-

sirable to reduce high frequency accelerations;
(Appendix D)

that neither second order filtering nor large sensor
movement relative to the water surface is desirable;
(Appendix D) and

- that the slanting propeller shaft enclosed in stream-

lined housing is preferable to a right angle bevel
gear propeller drive primarily because the main en-
gine power is usable with the former drive in both
floating and flying conditions without extra compli-
cation.
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APPENDIX

A. APPROXIMATION FOR WAVE TRAIN VELOCITY

From Reference 14 the velocity c of a wave train is
given by:

gh/, 4rt Y’
2 . & o 20
c zn<” v ) 20)

Under Assumption a, listed herein, 4n” y,* may be neg-

A’
lected and (20) becomes the approximation:

gA
C = '/;;= 2265 V% @1)

The wave train velocity along the boat course is given

C
€= cosf3 @2)

B. PITCH AND HEAVE COMTROL
REQUIREMENTS FOR MINIMUM
DRAFT AND LIMITED ACCELERATION

Consider a single hydrofoil flying through a sinus-
oidal wave train with a sinusoidal flight path of the same
wave length and phase as the wave train. The frequency
of wave encounter is given by:

(4]

~ 24y cosB + €) _ 20l cosB +2.265 VX ) (23)

With the amplitude of vertical hydrofoil displacement and

acceleration expressed as h, and (h), respectively, the
simple harmonic vertical motion of the hydrofoil requires

that:

(:[‘1)0 = ho")2 24)

The combination of Equations (21), (23) and (24) gives:

hy - (i N (25)
4n*(v cosp £2.265 VA )?

The Flying Draft Variance d is of course twice the dif-
ference between the wave amplitude y, and flight path
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amplitude h, or:

d = 2(y,~h,) (26)

Combining (25) and (26) and substituting%for ¥y, gives:

S (), A2

- 27)
R 2?1’(v cosf3 +2.265 VA )1

Consider further that (I;)u is taken as the tolerable limit

on the amplitude of acceleration which is (H)t' Then (27)
becomes:

o
d _ 2 i @)
R 2n{v cosf t 2.265 VA )

which is the equation plotted in Chart I.

C. PITCH AND HEAVE CONTROL SIGNALS AND
COUPLING PARAMETERS FOR ZERO FLYING
DRAFT VARIANCE IN LONG WAVES

Referring to Diagram I, consider an angle controiled
tandem hydrofoil boat flying in a wave train moving to
the left. The xy rectangular coordinate system shown
moves with the wave train. The boat velocity with re-
spect to the moving coordinates is v + c.

For the purposes of this section it is assumed that
each hydrofoil is located at the center of percussion of
the boat with respect to a cen‘e~ of oscillation at the
other hydrofoil. Under this Assumption the boat may be
considered as two concentrated masses with one mass at
each hydrofoil

Since the velocity with respect to the moving co-
ordinate system of a water particle near the water sur-
face must be parallel to the water surface, the forward
hydrofoil angle setting for zero Flying Draft Variance
measured with respect to the setting for zero lift in
smooth water is:

30)

The hydrofoil angle setting of an aft hydrofoil for zero
Flying Draft Variance is:

B 1 SamE  TEUE, EE 31)




SYMBOL ILLUSTRATIONS WITH SENSOR PLANING POINT AT WATER SURFACE
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SYMBOL ILLUSTRATIONS WITH SENSOR PLANING POINT DEFILECTED FROM WATER SURFACE
DIAGRAM !
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in view of the Assumption j listed herein, the wave sur-
face depth at the points 'xr and x, can be expressed as a
three term Taylor’s expansion thus:

dy 2 dly
yl 3 yf’f']'—‘t‘-‘f'l' d (32)
dx, 2 dxf2
dy 2 d’y
OO (R | (33)
d)(f 2 dxl,z
dy —1)? dzy
¥, = ¥p- G-1) 2, G-U "7 (34)
dx 2 dx/?

f f

With zero Flying Draft Variance any h equals the y
with the same subscript. Converting the derivations with
respect to time to derivations with respect to x in (30)
by using the boat velocity (v+c) with respect to the co-
ordinate system and then combining the Equations (30)
end (33):

W, p Wvee) | dy,
af o —— —_
Kq 2 gKq dx?

(35)

Similarly the combination of Equations (31) and (33)
gives:

wa dyf bdzyf dya
a = — -

¢ Kq dx; 2dx dx_ gkq dx?

2
With 9Y constant in accordance with Assumption j listed

dx?
herein:
dly d?y
f a
dx 2 = dx ? G7
f a

and

(38)

then (36) becomes:
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- (39)

With the sensors following the water surface in ac-
cordance with Assumption f, listed herein, the signal
deflections of the sensors are:

8, = y,~h, (41)

From the geometry of the Diagram I,

hy = hf(l +'_)_lh_° 42)
v/ b

h, = th+(1_1_)ha @3)
b b

Then using the conditions of zero Flying Draft Variance,
Equations (32), (33), (40) and (42) combine to form:

dl
e 44)

5. - LbsD)

2 dx f’

Similarly Equations (33), (34), (41) and (43) combine to
form:

dl
S el AT @5)
2

2
dxf

2
y
Combining (35) and (44) to eliminate Ll gives:

dxf’
w 4w (v+c)?
Mgy 25 A 5,  (46)
Kq I(b+l)  v?plKg(btl)
2
Combining (39) and (45) to eliminate __{ gives:
dx?

f




mm_'__m_mnlmm

w 4 +c )?
a,. = B3 b - vq (vie) 3, @n

Kg | I(b-1) v2plKg(b-1)

From the definitions of Ag and A_ Equations (46) and
(47) become:

w, A

a - £ 05 @
Kq |
w A

gy o8 _lan g ®)
Kq 1

D. ANALYSIS OF PITCH AND HEAVE MOTIONS
IN WAVES

Referring to the Diagram II, the forward sensor is
mounted on the sensor shaft 75. In smooth water, the
Planing Point of the sensor ski rides at the wa‘er surface
and the draft of the sensor ski is dp. In waves, dS is the
instantaneous submergence of the Planing Point.

The upward hydrodynamic force perpendicular to the
sensor radius rg can be approximately expressed by:

d
N = Kav! (dp g ds) (aP i v‘) 0

dd
Performing the indicated multiplications, neglecting _5 S

v
on the basis of Assumption a,listed herein, Equation (50)
becomes:

2 k 2
N = Kpa v dpap g Kpa v dpdS + Kpa via, d, (1)

Dynamic equilibrium in view of Assumption m,listed here-
in is expressed by:

N-nv?=-m3§, (52)

Eliminating N from Equations (51) and (52) gives:
2 2 k|
Kpa v dpap —nv' 4 Kpa v dpdS +
Kpa v’apdE +m 8y =0 (53)

Taking a, as constant in accordance with Assumption I,

listed herein, the first two terms of (53) represent equal
and opposite forces which cancel. Replacing d, with
(8; + hy —y;) on the basis of Diagram II, Kpa v d_ with
C,, and Kpa v? a, with K_, Equation (53) becomes:

K (B4 =y Cu(®yehyoy)am 8y = 0(4)

A similar development applies to each aft sensor thus:

Ko {8y 40y =904 C, (8,4 0,-y,) 4m 8, = 0 (55

S

If the sensors are designed so as to make the error in
following the water surface neglectable, then Equations
(54) and (55) may be considered filter Equations where,
in either Equation, the sensor signal to the filter is (y-h)
and the filter output signal is 8.

From the geometry of the boat base line with re-
spect to the mean water level :

e, oW Bpl)efB5L
hl a+(nf a)( b) 5
h, = ha+(hf_hu):_). )

The coupling Equations (2) and (3) synthesized in
Appendix C, with the specific coefficients Afn and Aan
replaced with as yet undetermined coefficients A; and A |
and with first order smoothing added, become:

wy Ay
a + Ed; = = 1_8] @
q
E & wa ABS (5)
a 4 A, 5 -
8 8 Kq l 2

First order smoothing, represeated in Equations (4)
and (5) by the terms with the coefficient E, is introduced
in the control by the servo linkage and valve action in
accordance with Assumption o,listed herein.

The upward force on each hydrofoil is determined by
multiplying the angle of attack of the hydrofoil by S q k,
thus:

th,-h) _ h dy
- | ey LS sqk (8)

b v vdxf
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a a
b v v dxa

h -h) h dy
B 1= [b__‘_ﬁ +_“_S__“] s,k (59)
Dynamic equilibrium of the boatmass in the vertical

direction requires that:

F,+F =-M ha+§(hf—ha) (60)

Dynamic equilibrium of the boat in rotation about a
horizontal transverse axis through the center of gravity
requires:

Fe(b-e)-F, e = M_; (hoh,) 61)

Solving (60) and (61) for Fe and F_ gives:

Me o N E o M o =
L RN BSOS A
——— A
Bl = (b £) s S| -GR89

Eliminating F from (58) and (62), F_ from (59) and (63),
converting the derivatives with respect to x to derivatives
with respect to time by using the boat velocity, (v+c),
with respect to the moving coordinant system gives:

(h,-h) _ ho
Sﬂk __a___f__+af+_f_f f n
b v v (vic)

MR, ) 64

gl B o
_Me [ L e(h _h
ol RS

M(b-e) [};a"' E_(ﬁf_}'ia) _Mi(}'l'a_};f)(Gs)
b L b b?

Using Equations (56), (57), {4) and (5) to eliminate hy,
hz’ 8] and 82 from (54) and (55) gives:

A

(@ + Eap) 1 1
W i T (VR
b
f
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(a, +Ea,)l . S .
C, |-t by (h-h )P gt
A, b

mg (@ + Eap) 1 . (66)

(67)

Eliminating a; from Equations (64) and (66) and & _

from Equations (65) and (67), replacing t with the dimen-
sionless r, using the dimensionless operator Py and
otherwise converting to dimensionless form, gives:

(b+1) (1 +Cpy) A,

-1+P4+
() £C py # myp, () FES,)

2 h
(S Dyt | -
b be b

(1+Cypy) A

_]_
(1 +Cdpd+mdpd’)(1 +Edpd)

A(1+Cp ) A, ¥y

L(T+Cypy+mp, ) (T+Epp ) | A

A y
el X o8
b (v+c) A
('|+Cdpd)A8
_14.

(]+Cdpd+mdpd‘)(l +Eqpy)




—_--m_“-_iﬂ

2 h
Ma<5_ r )pd’ il
b b(b-e) b

r (1-b)(1+Cp ) A,

En] Py

I(T+Cypy+mp?)(1+Epp,)

h
2
Ma (b_—_G+ b )pd2 _a___
b b(be) b
A1 +Cp ) A, 7,
—+

I(1+Cypy+mypy’) (1 + Egpy) A

i Py Y_"_ (69)
b(v+c)

Setting y,, Yoo Yg and Ve all equal to zero in Equations

(68) and (69) and applying the criteria of Routh (Refer-
ence 13) indicates that the system represented is stable
for the dimensions of High Tail and the ranges of other

parameters of interest.

Equations (68) and (69) may be abbreviated as:

h¢ h
A A (70)
b b
h h
f
Zo—+Z, 2 oY, (71)
b b

Solving Equations (70) and (71) for the boat motions
gives:

1’1—f ~ Y Zg - Y224 a2
b 2326—2524
h Y,Z,-Y,Z

273 175 (73)

a
b -
Z3ZE‘ ZSZ4

With the wave length A, the functionally related
wave velocity c, the control parameters Cd, m Ed, Af
and Aa, the mass M, the radius of gyration of the boat r,

and the dimensions of the boat all given, the Flying Draft
Variances df and da and the other variables are deter-
mined by solving (72) and (73) with the well known
method of substituting o, V-1 for Py and dropping the
imaginary component of the result.

Equations (72) and (73) thus become the basis of
finding optimums, considering all wave lengths A and
corresponding wave velocities ¢, for the sensor lead |,
the control coupling factors A and A, the damping
and inertia parameters C and m, and the smoothing
parameter E.

To examine the effect of changes in the total weight
and changes in the division of weight between forward
and aft hydrofoils consider the case in which the mass
and masg distribution of the boat are approximately repre-
sented by two masses, one at each hydrofoil. In this case

2 2
both of the coefficients (‘i_ L) and< e__ f >in
b be b b(b-e)
Equations (68) and (69) become zero and each of the coef-

ficients (e_+ _rz_> and <_b:e_+ ! ) in the same
b be b b(b-e)

equations become one. Thus Equations (68) and (69)
become independent of the total mass or the division of
mass between forward and aft hydrofoils so long as the
loadings per square foot on the forward and aft hydro-
foils, represented by M, and M_ respectively, a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>